Cells move by actively remodeling a dense network of protein filaments. Here we analyze the force response of various filaments in a simplified experimental setup, where single filaments are moved with an atomic-force microscope (AFM) tip against surface friction, with the AFM operating in the torsional mode. Our experimental findings are well explained within a simple model based on Newtonian mechanics: we observe force plateaus, which are the signature of the sequential stretching of single repeat units, followed ultimately by deformation of the whole polymer shape. DOI: 10.1103/PhysRevLett.102.128302 PACS numbers: 82.37.Rs, 82.35.Gh, 82.37.Gk During tissue morphogenesis, mammalian cells move within an extracellular matrix composed of cross-linked collagen fibrils [1] . The traction force enabling cell movement, typically several nN per m 2 [2] , is localized at discrete sites called focal adhesions [3] . Such localized forces are sufficient to induce major rearrangements of the fibrillar elements [1, 4] . These substrate changes are readily observable by atomic-force microscopy (AFM) of fibroblasts moving on glass coated with collagen fibrils: single fibrils appear bent, oriented in the direction of the closest cell adhesion site [5] . Here we develop a simplified experimental setup for analyzing the frictional and elastic response of fibrils: A single protein filament or fibril is adsorbed on a substrate and moved by an AFM tip perpendicular to the AFM cantilever axis and at a constant velocity [6] . The AFM cantilever twists substantially, generating force and moving the polymer forward [7] .
During tissue morphogenesis, mammalian cells move within an extracellular matrix composed of cross-linked collagen fibrils [1] . The traction force enabling cell movement, typically several nN per m 2 [2] , is localized at discrete sites called focal adhesions [3] . Such localized forces are sufficient to induce major rearrangements of the fibrillar elements [1, 4] . These substrate changes are readily observable by atomic-force microscopy (AFM) of fibroblasts moving on glass coated with collagen fibrils: single fibrils appear bent, oriented in the direction of the closest cell adhesion site [5] . Here we develop a simplified experimental setup for analyzing the frictional and elastic response of fibrils: A single protein filament or fibril is adsorbed on a substrate and moved by an AFM tip perpendicular to the AFM cantilever axis and at a constant velocity [6] . The AFM cantilever twists substantially, generating force and moving the polymer forward [7] .
Past studies addressing polymers on surfaces have classified adsorption regimes and behavior in the standard AFM geometry (retracting from the surface) [8] . Here we concentrate on the essential physics of manipulating molecules in the interfacial plane. We choose as model systems desmin intermediate filaments (IFs) and collagen fibrils; both adopt roughly linear configurations when adsorbed on mica (Fig. 1) . The response of these two types of filaments to the AFM were qualitatively different: collagen fibrils were moved by the cantilever, elongated and bent into a continuous cusp shape [ Fig. 1(b) , arrow 1], while desmin filaments (and bundles of collagen fibrils) were locally stretched until broken, see Fig. 1 (b) (arrow 2) and Fig. 2(a) . These elongations imply that fibrils were locally stretched up to 3.5 and 1.3 times their original length, for desmin IFs and bundles of collagen fibrils, respectively. For both systems the stretching involved a few repeat units; however, for desmin this amounts to a length of $150 nm [ Fig. 2(a) ], whereas for the collagen bundles the deformed region was micrometers long [ Fig. 1(b) ]. To quantify these observations we show in Fig. 2 (c) the force versus cantilever displacement curves for a desmin filament. Such curves always show an initial linear region (in all of n ¼ 60 experiments), a force plateau, and a subsequent nonlinear increase in force [7] . In some experiments we observed two consecutive force plateaus, as shown in Fig. 2(c) . Similar force curves with multiple steps were also observed for desmin filaments reassembled from a one-to-one mixture of wild-type desmin and a point mutant D399Y [9] ; see Fig. 2(d) . Because the torsional force constant of the AFM tips had to be relatively large to sustain forces up to f % 4 nN, the resulting force fluctuations f ¼ ðk c k B TÞ 1=2 % 100 pN are substantial, and must be filtered from the raw data; here we accomplish this filtering using a running-average over 5 nm.
The local stretching of filaments shown in Figs. 1 and 2 is an unexpected result considering their properties in solution. In solution fibrils appear rodlike on the m scale, and these rodlike configurations are maintained during adsorption, as shown in Fig. 1(a) . When stretched on the surface, however, these filaments form sharp ''corners'' FIG. 1 (color online). Manipulation of collagen fibrils adsorbed to mica, pretreated with 1 M MgCl 2 and immersed in PBS. Panels (a) and (b) were imaged prior to and after manipulation, respectively. Arrowheads identify two manipulations yielding a bent fibril with a cusped shape (1) and a stretched and broken bundle of fibrils (2) . and stretching continues in relatively straight subsegments [ Fig. 1(a), arrow 2 ]. This implies that fibrils behave structurally different under these conditions; here the shape of the molecule is dominated by tension, rather than by bending rigidity as for solvated fibrils. In order to quantify these observations, we model filaments on surfaces as single or continuous-multistate wormlike chains (WLCs) subject to surface friction and external force. The fact that the filaments can be ''stretched'' implies that they have an effective contour length L c longer than the end-to-end length with which they are adsorbed to the surface (L 0 ). Furthermore, because we are stretching a small number of repeat units, we must account for the discreteness of the chain. To accomplish this we describe individual repeat units separately, using a WLC model for each segment. These separate WLCs are connected end-to-end to form the complete filament. Here we will refer to the individual WLCs as ''linkers'' and to the composite chain as a ''discretely connected wormlike chain'' (DC-WLC) [see Fig. 2(b) ]. To simplify the inclusion of friction within a Langevin approach, we couple these massless linkers using beads with the mass m of a filament repeat unit. (In practice the mass of the beads does not affect the results, as we are in the low Reynolds number limit.) This model is akin to the Rouse model, where we use WLC linkers instead of harmonic springs to account for the large effective extensibility of the chain (L 0 < L c ). In summary, the filaments are modeled by N beads, connected by massless WLC linkers.
The motion of the polymer is controlled by the tension along the chain, the friction force on the molecule, and the force applied at some point along the chain by the AFM cantilever [see the inset of Fig. 3(a) ]. For the tension on the ith linker we take the approximate force-extension relation of the WLC [10] :
where T is the temperature, L b ¼ L c =N is the contour length between beads, and x i is the distance separating beads i and i þ 1. The polymer remains in contact with the substrate during the whole experiment, and the ith monomer experiences a viscous drag or friction force, linear in the velocity of each monomer bead f ðfÞ i ¼ Àv i , where is the friction coefficient and v i is the velocity of the ith bead. In addition, the AFM tip exerts a force at a specific site of 
Þ; here we take the force to be due to a harmonic cantilever moving at a constant velocity. These forces are inserted into the Langevin equations for the individual beads, with the cantilever fluctuations as the external noise. The shape of the polymer chain as a function of time is obtained as the average motion, equivalent to the solution of Newton's equations. The role of the fluctuations will be studied elsewhere after appropriate measurements have been performed.
In our model the chain has an overall contour length L c and is adsorbed to the substrate with an end-to-end length L 0 < L c . Two cases are of interest: L c $ L 0 , corresponding to collagen fibrils [11] and L c $ 2-3L 0 , corresponding to desmin IFs [6] ; this second case also encompasses other biopolymers such as DNA [12] , and fibrin [13] . If the chain has a limited extension (L 0 $ L c ), or if the force necessary to extend the chain is small compared to the viscous drag v, then the chain segments in the vicinity of the moving point probe extend first [ Fig. 3(a) ]. This process continues until all segments are under tension and gives rise to a linear force versus displacement curve [ Fig. 3(b) , solid line]. After all segments have extended close to their limit, the whole chain is set in motion [ Fig. 3(a) ] and the force converges asymptotically to v. As expected, the force versus displacement curve depends on the position of the point probe along the polymers [ Fig. 3(b) , compare solid and broken lines]. The cusp shape of the chain is due to the incremental motion of chain segments nearest to the moving tip; this is observed both at the nano and macro scales, For quantitative agreement between the model and experimental data, the viscous drag coefficient had to be between 10 À3 and 10 À1 N s=m. Below 10 À3 N s=m the system is underdamped and strong oscillations occur; above 10 À1 N s=m the system is overdamped, and around 10 2 N s=m the chain is stuck to the substrate. In order to relate the viscous drag coefficient to a bulk viscosity , we use Stokes's relation, ¼ 6a, where a is the radius of the particle. This radius can take any value between 1 and 100 nm for biopolymers, so our range of is equivalent to a bulk viscosity between 10 3 and 10 7 Pa s, corresponding to peanut butter and pitch, respectively. Although the AFM experiments are performed in water (bulk viscosity 10 À3 Pa s), the binding of the protein filaments to the substrate ions gives rise to an extremely viscous interface. These numbers compare well with estimates based on the thermal activation model by Briscoe and Evans [14, 15] and also with estimates based on the Tomlinson model [16] . Because the equivalent viscosity is so high, the repeat units of the chain are stuck in position if no force is applied by the point probe. This is in agreement with the AFM experiments, where no evidence of relaxation was detectable long after a given manipulation [7] . Even though we are studying a dynamic process, the large viscosity imposes a near-equilibrium stretching of the chain, validating the use of Eq. (1) to estimate the tensions at the linkers' ends.
For desmin filaments the number of participating repeat units is small because each unit can extend to several times its original end-to-end length before the next repeat unit is affected. We can account for this in the model by setting N to a small number; in such a situation the stretching of individual repeat units is observable as steps in the force versus displacement curve, if the units are extensible enough [ Fig. 3(e) , compare L c ¼ 1200 nm and 2000 nm with 20 beads]. In addition, the deformation only affects the chain in the vicinity of the applied force, in stark contrast to the cusplike shape and in perfect agreement with experiment. (It should be noted that, when pulling in the center of a symmetric chain, one force step corresponds to two repeat units unfolding on opposite sides of the point probe.) So far, single force steps have been reported experimentally for desmin IFs [7] but not multiple ones. In these earlier experiments, the pieces of filament that were manipulated had an average length of only 80 AE 27 nm (n ¼ 60) and the maximal tip displacement was on average 150 AE 41 nm (n ¼ 60) [7] . Assuming in our model that each linker is 45-50 nm long and can extend to 160-180 nm maximum, the observation of more than one force step is indeed very unlikely. However, we did find, retrospectively, one force curve out of 60 measured in that study that displayed two force steps [7] .
As further experimental evidence for the existence of multiple force steps in desmin filaments, we performed an additional n ¼ 90 experiments on a population of desmin filaments reassembled from a one-to-one mixture in urea of wild-type desmin and a point mutant D399Y [9] . AFM measurements were performed exactly in the same conditions as wild-type desmin filaments [7] ; the pieces of filament that were manipulated had an average length of 125 AE 37 nm (n ¼ 90), and the maximal tip displacement was on average 215 AE 73 nm (n ¼ 90). As predicted by our model, we found samples with multiple force steps, as previously presented in Fig. 2(d) . Such multiple steps were visible in a total of 11 out of n ¼ 90 curves; even though each individual curve was distinct from the others, it was possible to fit each one by allowing variations in the number of beads N, the contour length of the linkers L c , and the persistence length L p . Since we have to change the chain parameters (N, L c , L p ) to fit the experimental data, desmin filaments cannot be well modeled by a single DC-WLC. This is due to the fact that desmin IFs have a hierarchical structure, with around 40 protein chains arranged in parallel in the cross-section of the filament [9] . The chains dimerize to form 45 nm long repeat units, which are double stranded -helical coiled coils, and which can unfold upon stretching [17] . The unfolding of the coiled-coil essentially implies that the length of a repeat unit increases. Sliding between the chains can also occur, explaining the extreme extensibility of these filaments [6] . Hence, the WLC linkers should be replaced by a more complex multistate polymer model.
As a step in that direction we have implemented a continuous two-state model for the linkers [18] : we describe the linker as a double stranded -helical coiled coil, 40 nm in length, composed of 0.15 nm long units that can unfold to 0.38 nm. The coiled-coil and unfolded polypeptides have persistence lengths of L p1 ¼ 25 nm [17] and L p2 ¼ 0:4 nm, respectively. We assume a Gibbs free energy difference between the two states of ÁV ¼ 250 meV and an interaction energy between the two states of 20 meV, with other parameters as in Fig. 2(b) . In Fig. 4(a) we show again the experimental data and corresponding fit from Fig. 2(d) (green dotted curve) , which we compare with a fit from the two-state model [4(a), blue dashed curve]. Note that our original fit based on the simpler DC-WLC model is already within the experimental error; additional experiments are necessary to resolve the difference between the two fits. Nevertheless, this example demonstrates the potential of the techniques presented in this paper: Based on the fit parameters we can calculate the expected equilibrium force-extension relations in the standard AFM geometry (one end of the molecule tethered to the AFM tip); see Fig. 4(b) . With the continuous two-state model we obtain a plateau force at 230 pN; this value is higher than the plateau forces measured for a single myosin coiled-coil [17] , but desmin IFs consist, in cross-section, of around 20 coiled-coils wrapped around each other. Interestingly, assuming a filament diameter of 10 nm, the stress at the plateau is expected to be on the order of 3 MPa, which is in excellent agreement with published values for macroscopic bundles of IFs [19] .
In summary, AFM manipulation of protein filaments at solid-liquid interfaces yields information about their mechanical properties relevant for the understanding of cell motion. In this study the AFM is moved perpendicularly to its axis: torsional forces balance frictional and mechanical forces between the AFM tip and the molecule and surface. The mechanical properties of the stretched molecule are still visible in this geometry, and we obverse the sequential unfolding of single repeat units as force plateaus. Differences in the mechanical response for different filaments can be traced back to their characteristics, namely, their contour length, their persistence length, and their friction coefficient. We demonstrate these features within a simple mechanical model, which is sufficient to understand the current experimental data.
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